Population structure of the glasshouse whitefly <em>Trialeurodes vaporariorum</em> (Hemiptera: Aleyrodidae) shows multiple introductions to the U.K. by Kareem AA et al.
1 
 
Population structure of the glasshouse whitefly, Trialeurodes 1 
vaporariorum (Hemiptera: Aleyrodidae), shows multiple 2 
introductions to the UK  3 
 4 
Ali A. Kareem, 1, 2, Gordon Port, 1 and Kirsten Wolff 1 5 
1 School of Natural and Environmental Sciences, Newcastle University, Newcastle upon 6 
Tyne, NE1 7RU, UK;  7 
2 Agriculture College, Kerbala University, Al-Husayniya, Kerbala Governorate, 56003, Iraq  8 
Corresponding author: 9 
a.a.kareem@newcastle.ac.uk 10 
gordon.port@newcastle.ac.uk   11 
2 
 
Abstract 12 
1 Whiteflies are major pests of many crops worldwide. Trialeurodes vaporariorum was 13 
introduced into the UK about 160 years ago. We aimed to understand their genetic diversity 14 
and population structure, and therewith their invasion history. 15 
2 Mitochondrial CO1 sequencing showed that T. vaporariorum had a low level of variation. 16 
Microsatellite analysis showed high diversity and indicated two, six and ten clusters, which 17 
were, to a limited extent, linked to locations, but not to host plants. The primary symbiont 18 
Portiera aleyrodidarum was detected in both sexes of T. vaporariorum, whereas only one 19 
secondary symbiont, Arsenophonus sp., was detected in almost all females, but not males. 20 
3 The population structure suggested that glasshouse agroecosystems restricted gene flow 21 
between glasshouse whitefly populations and that the movement of glasshouse whitefly was 22 
linked to human-assisted spread.  23 
4 Taken together, the results suggested multiple, but limited numbers of introductions of T. 24 
vaporariorum mainly from countries nearest to UK.  25 
Keywords: genetic diversity, microsatellite, mitochondrial haplotype, mtCOI, population 26 
structure, endosymbionts.  27 
  28 
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1 Introduction 29 
Whiteflies (Hemiptera: Aleyrodidae) are considered major pests of many crops worldwide. 30 
More than 1450 species have been described in two subfamilies, and the most economically 31 
significant pest species are members of the Aleyrodinae (Bink-Moenen, 1990; Martin et al., 32 
2000). The most important and serious whitefly species are the sweetpotato whitefly, Bemisia 33 
tabaci (Gennadius), and the glasshouse whitefly, Trialeurodes vaporariorum (Westwood). 34 
They are considered key insect pests of many vegetable and ornamental crops, causing 35 
damage to plants either directly by feeding or indirectly by transmitting viruses (CABI, 36 
2018). Whiteflies typically have short life cycles, which are dependent on climatic 37 
conditions, especially temperature. In normal conditions they produce several generations 38 
every year (Martin et al., 2000). The rapid population growth of whiteflies is due in part to 39 
arrhenotokous parthenogenesis, in which non-fertilized eggs grow into males and fertilized 40 
eggs into females.  41 
Often within insect pest species a complex of biotypes can be described on the basis 42 
of insecticide resistance, morphology, behaviour and/or DNA sequence of the mitochondrial 43 
cytochrome oxidase I (mtCOI) gene. For example, recent research on B. tabaci has concluded 44 
that the species is a complex with more than thirty-one relevant biotypes (Boykin et al., 2012; 45 
Boykin et al., 2013), while in T. vaporariorum  nineteen mtCOI haplotypes have been 46 
detected in the global population of this species (Prijovic et al., 2014). The genetic 47 
complexity of whitefly species is important for several reasons, including the development of 48 
insecticide resistance in response to selection pressure, host differences, and geography, all of 49 
which might impact on their vector potential for various viruses (Bird, 1957; Mound, 1963; 50 
Costa and Russell, 1975; Bird and Maramorosch, 1978). Those strains of whitefly developing 51 
insecticide resistance pose a problem for future management (Gorman et al., 2002; Karatolos 52 
et al., 2010; Pappas et al., 2013). In comparison to B. tabaci, fewer studies on population 53 
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structure and phylogeny have been carried out with T. vaporariorum. One study used mtCOI 54 
sequencing and nuclear markers to assess the genetic diversity and phylogenetic structure of 55 
glasshouse whitefly in India (Roopa et al., 2012), indicating low mtCOI and nuclear marker 56 
diversity and differentiation between populations. These findings have been confirmed by 57 
Kapantaidaki et al. (2015) and Prijovic et al. (2014) who assessed glasshouse whitefly 58 
populations from Europe and the USA. Furthermore, population genetic structure of non-59 
native T. vaporariorum has been studied in different regions and habitats of Finland, Greece, 60 
and China (Gao et al., 2014; Ovcarenko et al., 2014). 61 
Biological invasions and introduction of non-native species may be introductions by 62 
human or by-products of human travel and trade activities and both have important 63 
implications for biodiversity and agriculture (Pimentel et al., 2001; Riis and Nachman, 2006). 64 
Recording of alien species relies on chance observation and survey. Therefore, the 65 
introduction and distribution pathways of aliens often go unnoticed, especially when 66 
introduction follows failures in quarantine at borders (Estoup and Guillemaud, 2010). 67 
Research on the population structure and genetic diversity of species, when introduced in a 68 
non-native area, can assist in explaining the origin, routes and times of introduction 69 
(Lombaert et al., 2014) and provide details essential for management and the avoidance of 70 
future non-native introduction (Signorile et al., 2014). Various introductions, secondary 71 
expansions of introduced populations and management efforts can both lead to structured 72 
populations in introduced regions (Berthouly-Salazar et al., 2013; Cao et al., 2016), while 73 
gene flow among introduced populations ultimately decreases levels of population 74 
differentiation (Tsuchida et al., 2014), except at loci with selection. However, no study has 75 
yet assessed the genetic structure and introduction of glasshouse whitefly in the UK since the 76 
species established here, about 160 years ago.  77 
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Obligate and facultative, maternally inherited endosymbionts are common and 78 
important components of terrestrial arthropod biology and ecology (Cass et al., 2014). 79 
Whiteflies are known to host the obligatory primary symbiont Portiera aleyrodidarum, which 80 
has a long coevolutionary history with all members of the Aleyrodinae subfamily (Thao and 81 
Baumann, 2004). Portiera spp are known to supplement the hosts’ diet with essential 82 
nutrients, such as amino acids, as well as with carotenoids that present significant anti-83 
oxidant action (Santos-Garcia et al., 2012). Further to the primary endosymbiont, whiteflies 84 
contain a range of secondary symbionts, including species of Candidatus, Hamiltonella, 85 
Cardinium (Bacteroidetes), Fritschea, Wolbachia, Arsenophonus and Rickettsia 86 
(Rickettsiales) (Zchori-Fein and Brown, 2002; Nirgianaki et al., 2003). Bacterial symbionts 87 
have been reported to have effects on aspects of host biology, including genetic diversity, 88 
nutrition, survival, reproduction, insecticide resistance, and the ability to cope with 89 
environmental factors (Saridaki and Bourtzis, 2010; Kikuchi et al., 2012) . Both the 90 
symbionts and mtDNA are vertically transmitted and linked to the evolutionary history of the 91 
insect host, and thus may be used to shed light on evolutionary and demographic processes 92 
relating to both sides of the symbiosis (Hurst and Jiggins, 2005; Werren et al., 2008).  93 
Here we present the first extensive genetic data on the population structure of T. 94 
vaporariorum in the UK and investigate their endosymbiont prevalence and distribution. We 95 
posed two questions: Have many introductions occurred? Do the new habitat and other 96 
agricultural applications structure the pest populations? The answers may improve our 97 
understanding of gene flow and patterns of population genetic structure and the factors that 98 
affect this.  99 
 100 
2 Experimental procedures  101 
2.1 Field sampling  102 
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Adults of glasshouse whitefly were collected from tomato, cucumber, and ornamental crops 103 
from commercial glasshouses in 12 locations throughout the UK during summer and autumn, 104 
and some locations were sampled in both 2014 and 2015 (Table 1). In addition, a laboratory 105 
colony was used; this was taken from a mixed-age colony maintained at Newcastle 106 
University (UK) on aubergine (Solanum melongena). This colony was obtained from 107 
Rothamsted Research, and originally collected in 1960 in Kent from French bean plants (B. 108 
Brogan pers. comm.). At least 20 adult whitefly specimens were collected from whitefly-109 
colonized plants at each location. A total of 400 individuals from 20 populations (20 110 
individuals per population) were genotyped (Table 1). The whitefly specimens were stored in 111 
95% ethanol at −20 °C until DNA was extracted. 112 
2.2 Confirming the identity of specimens morphologically 113 
Specimens were slide-mounted with Canada balsam using the procedure described by Brown 114 
(1997). The taxonomic characters used for identification were based on Hill (1969).  Three 115 
specimens were collected from each population in order to confirm identification. The 116 
characteristics of our samples were assessed with regard to compound eyes, forewings, 117 
mesothoracic legs, antennae, external genital organs and the abdomen.   118 
2.3 MtCOI sequencing 119 
Since whiteflies are a haplodiploid species, only the total genomic DNA (gDNA) of adult 120 
females was extracted, as described in Tsagkarakou et al. (2007), by placing them in a 1.5mL 121 
Eppendorf and grinding with a pestle in 50mL of ice-cold lysis buffer (100mM NaCl, 10mM 122 
Tris-HCL, pH8.0) containing 0.4mg/mL-1 of proteinase K. The extracts were incubated at 123 
55 °C for 1h and at 85 °C for 5 min prior to a 5 min centrifugation (13,000 g) to pellet debris. 124 
The supernatant was used as the DNA source for the polymerase chain reaction (PCR). 125 
       At least four individuals of T. vaporariorum for each location and both years from each 126 
site, in total 96, were sequenced. The PCR of mitochondrial cytochrome c oxidase I (mtCOI) 127 
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was performed using specific primers for this region, CO1-F: 5'-GCCTGGTTTTGGCATTA-128 
3', and CO1-R: 5' GCTTATTTAGCACCCACTCTA-3'), which produced a ~752bp product 129 
(Gao et al., 2014). PCR reactions were carried out in a 10μL volume containing 1μL DNA 130 
template, 0.5μL of each primer, 2μL 5× PCR MyTaq reaction buffer, and 0.5 units MyTaq 131 
DNA polymerase (Bioline). The PCR products were visualized on a 2% agarose gel 132 
containing ethidium bromide. The PCR products were purified using Exo-Sap. The following 133 
amounts of reagents were added into each sample: 1.5 μL of Shrimp Alkaline Phosphatase 134 
(SAP), 2.02 μL of Shrimp Alkaline Phosphatase buffer and 0.22 μL of Exonuclease I. The 135 
reactions were incubated in a thermocycler at 37 °C for 40 minutes and 80 °C for 15 minutes. 136 
         The purified PCR products were sequenced using ABI Prism BigDye® Terminator 137 
Version 3.1 Cycle Sequencing Kits (Applied Biosystem, Foster City, California, USA). 138 
Sequencing reactions were performed in 10 μL containing 1.5 μL of 5X sequencing buffer, 139 
0.5 pmol of COI forward primer, 1 μL of BigDye terminator sequencing mix and 1 μL of 140 
purified PCR product. The reactions were amplified by 35 cycles of 96 °C for 10 s, 52 °C for 141 
5 s and 60 °C for 4 min. Sequencing products were purified with ethanol precipitation. The 142 
sequences were visualized on a 3130XL Genetic Analyzer (Applied Biosystems). All 143 
individuals were sequenced in one direction only. The sequences were checked manually and 144 
aligned using Geneious, version 6.1.4 (Kearse et al., 2012), and compared with those 145 
available in Genbank using the BLAST algorithm of the National Center for Biotechnology 146 
Information (NCBI).  147 
2.4 Molecular identification of endosymbionts  148 
To detect the presence of primary and secondary bacterial symbionts, PCR with DNA from 149 
both whitefly sexes was performed using species specific primers for the 16S rRNA genes in 150 
Portiera sp.  Wolbachia, Rickettsia, Hamiltonella, and Cardinium and the 23S rRNA genes in 151 
Arsenophonus and Fritschea, as described in Kapantaidaki et al. (2015). PCR amplification 152 
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was as described above for the mtCO1 sequencing. In order to check the quality of DNA 153 
extraction, samples that tested negative for all endosymbionts were cross-checked for the 154 
obligate endosymbiont P. aleyrodidarum using primers (518F and 799r) for the 16S rRNA 155 
gene to check the DNA quality (Muyzer et al., 1993; Chelius and Triplett, 2001; Zchori-Fein 156 
and Brown, 2002). In addition, we included adults of B. tabaci to test for the reliability of 157 
secondary symbionts PCR testing. 158 
The PCR reaction had the following conditions: initial denaturation at 93 °C for 2 159 
min, followed by 35 cycles of 93 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. The PCR 160 
products were visualized on a 2% agarose gel containing ethidium bromide. The PCR 161 
products shown on gel were purified using Exo-Sap, and sequencing was performed and 162 
visualized on a 3130XL Genetic Analyzer as described above in mtCO1 sequencing. The 163 
sequences obtained were manually edited using Geneious, version 6.1.4 (Kearse et al., 2012). 164 
All sequences were compared with those in the GenBank database using the NCBI BLAST 165 
algorithm.  166 
2.5 Microsatellite genotyping  167 
Nine microsatellite primers pairs (Tvap-3-3, Tvap-1-4, Tvap-1-5, Tvap-1-1C, Tvap-1-2, 168 
Tvap-3-1, Tvap-2-2C, Tvap-3-2, and Tvap-4-2), as described in Ovcarenko et al. (2013), 169 
were used to amplify microsatellite loci using T. vaporariorum DNA as the template. Four 170 
hundred females from 20 populations were assessed for three sets of multiplex amplification 171 
reactions: set 1 (Tvap-3-3, Tvap-1-4, and Tvap-1-5); set 2 (Tvap-1-1C, Tvap-1-2, and Tvap-172 
3-1); and set 3 (Tvap-2-2C, Tvap-3-2, and Tvap-4-2). The PCR amplification was performed 173 
in 10μL containing 5 ng DNA, 2μL 5× PCR reaction buffer, 2 mM MgCl2, 0.2 μM dNTPs, 174 
0.2–0.4 μM of each primer, and 0.5 units MyTaq DNA polymerase (Bioline). PCR reactions 175 
were run in conditions of initial denaturation at 94 °C for 4 min, followed by 35 cycles of 176 
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. The PCR products were separated on a 177 
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3130XL Genetic Analyzer and the allele size was determined using GeneScan™ ROX500 178 
size standard, using GeneMapper software version 3.2 (Applied Biosystems) and were 179 
confirmed manually.  180 
2.6 Data analysis of population genetic structure and genetic diversity 181 
For each of the 20 populations of T. vaporariorum, the average number of alleles per locus 182 
(Na), effective number of alleles (Ae), observed heterozygosity (Ho) and expected 183 
heterozygosity (He) were calculated using GenAlEx v. 6.5 (Peakall and Smouse, 2012). The 184 
difference in He between the populations was statistically analysed using the Fisher Least 185 
Significant Difference (LSD) Test in Minitab® v17 software (2013 Minitab Inc.). Weir and 186 
Cockerham’s estimator of the fixation index F (Weir and Cockerham, 1984) was calculated 187 
and tested for significance from zero using GENEPOP v.3.4, with zero meaning random 188 
mating (Raymond and Rousset, 1995). The program FSTAT 2.9.3.2 was used to calculate 189 
allelic richness (Ar) (Franks et al., 2011). The population differentiation approach was based 190 
on Fst values calculated using GENEPOP v.3.4 (Raymond and Rousset, 1995). The 191 
distribution of genetic variation was investigated by performing an analysis of molecular 192 
variance (AMOVA) and a Principal Coordinate Analysis (PCoA) both were carried out using 193 
GenAlEx v. 6.5. 194 
The genetic clustering of samples was examined using STRUCTURE v.2.3.2 (Pritchard et 195 
al., 2000) with a burn-in of 150,000 iterations and 500,000 Markov chain Monte Carlo 196 
(MCMC) repetitions under the no admixture ancestry model and using prior allele frequency 197 
information. Twenty independent runs were performed for each K value, ranging from K = 1 198 
to 21, and ΔK was used to calculate the optimal number of genetic clusters (K) using 199 
Structure Harvester (Earl and Vonholdt, 2012). The results were combined and visualised 200 
using online POPHELPER software (Francis, 2017). 201 
 202 
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3 Results  203 
3.1 Species identification and mtCOI sequencing  204 
Morphological examination confirmed that the species was T. vaporariorum. Ninety-one out 205 
of the 96 UK individuals had a mitochondrial COI sequence belonging to haplotype mtH1, 206 
with sequencing length ranging from 626 to 657 bp. Interestingly, we found five 207 
mitochondrial haplotype mtH3, which is new for UK records, with sequencing lengths 530 208 
and 525 bp, with three in Essex and two in Norfolk, respectively. The mtH1 and mtH3 are 209 
described by Prijovic et al. (2014) in the NCBI dataset, and differ from each other by a single 210 
nucleotide C-T substitution, at position 154. Two mitochondrial haplotype mtH3 and one 211 
mtH1 sequences were deposited in Genbank with accession numbers KX679578, KY048293, 212 
and KX679581, respectively.    213 
 214 
3.2 Genetic diversity 215 
All populations showed high genetic diversity (Table 1). The average number of alleles per 216 
locus (Na) ranged from 2 (Lab colony, LC15) to 3.556 (Dundee, DU14), and the effective 217 
number of alleles (Ne) ranged from 1.718 (Lab colony, LC15) to 2.457 (Orkney, Or14). Ho in 218 
most populations was higher than He. The expected heterozygosity (He) ranged from 0.366 219 
(Lab colony, LC15) to 0.576 (Orkney, Or14), while the observed heterozygosity (Ho) ranged 220 
from 0.450 (Lab colony, LC15) to 0.683 (Orkney, Or14). There was a significant difference 221 
(P < 0.05) between populations for their genetic diversity, expressed as He, with higher 222 
diversity in T. vaporariorum populations from Or14, DU14, NO14, and ES14, than in the lab 223 
colony LC15. The population from Orkney (Or14) had the highest value of He, at 0.576, 224 
while the Lab colony (LC15) had the lowest value at 0.366. The populations from Scotland 225 
(Orkney/Or14; Dundee, DU14), East York (EYO14), Essex (ES14), and Norfolk (NO3_14) 226 
exhibited a He value higher than the mean value of 0.478.  227 
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     In terms of genetic structure between populations, 97.5% of pairwise Fst comparisons (195 228 
out 200) were significantly different from zero (Table 2). Only geographically close 229 
populations or those from the same location did, in some cases, not have a significant 230 
differentiation; for example, among the Herefordshire (HE2_14-HE4_14) samples. Estimates 231 
of pairwise Fst values ranged from 0.02 (HE4_14/HE2_14) to 0.33 (LC15/ERYS14). The 232 
AMOVA revealed genetic differentiation among populations, explaining 17% of the total 233 
genetic variance, while the remainder of the variation (83%) was within populations. 234 
3.3 Symbionts  235 
Ten females and ten males from each population were used to screen for primary and six 236 
secondary symbionts. The primary symbiont P. aleyrodidarum was identified in all samples 237 
of both sexes, also indicating that our DNA extracts were of good quality. The infection 238 
status of T. vaporariorum was 96.6% for one secondary symbiont Arsenophonus sp., in the 239 
females with none in the males, while no PCR products were found for the other symbionts 240 
(Table 3). The PCR products were sequenced to confirm the genus and species of symbiotic 241 
bacteria using NCBI databases. The Arsenophonus sp. 23S rRNA sequencing length was 447 242 
bp, whereas the primary endosymbiont P. aleyrodidarum 16S rRNA sequence was 784 bp in 243 
length. Single sequences of a primary and a secondary endosymbiont were deposited in 244 
Genbank under accession numbers KY243936 and KY457224. 245 
3.4 Microsatellite genotyping 246 
The PCoA approach showed some grouping of individuals by population (Suppl. Material, 247 
Fig 1), with 32.03 % of total variation explained by the first two axes (11.90% and 22.91%, 248 
respectively). For example, HE2_14-H4_14 and HE15 populations are presented on the right, 249 
while Orkney (Or14 and Or15) populations are presented on the left in the figure. 250 
     The clustering method implemented in STRUCTURE determined three optimal groupings 251 
of T. vaporariorum individuals (Fig 1) with two, six and ten genetic clusters, as indicated by 252 
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high value of Delta K (ΔK) against K (Suppl. Material, Fig 2). Thus, the groupings at these K 253 
values were examined. K = 2 revealed seemingly random clusters of populations from the 254 
UK (Fig 1). K = 6 and 10 gave some information based on geographical patterns, visualized 255 
by their proportional Q values (Fig 2). In some cases samples from the same location, but 256 
different years grouped together, in other cases they do not. For example, samples from 257 
Herefordshire (HE2_14, HE3_14, HE4_14, and HE15) grouped. Samples from Dundee 258 
(DU15 and DU14), partially share STRUCTURE groupings. On the other hand, samples 259 
from the same place did not group together for Orkney (Or14, Or15), Norfolk (NO14, 260 
NO15), and East Riding Yorkshire (ERYS15, ERYS14), despite coming from the same host 261 
plant. There is no overall effect of host plant on genetic clustering of this pest (Fig 1).  262 
4 Discussion  263 
This study presents, for the first time, extensive data on the population structure and genetic 264 
diversity of T. vaporariorum in the UK, collected from 12 locations and different host plants 265 
over two years. The results show high diversity using microsatellite markers, but limited 266 
diversity at the mitochondrial level and only one secondary symbiont species associated with 267 
T. vaporariorum.  268 
Most of the mtDNA COI sequences (91) of T. vaporariorum individuals present in the 269 
UK belonged to mitochondrial haplotype mtH1, which is also common in the Netherlands 270 
and France (Malumphy et al., 2007; Kapantaidaki et al., 2015). Haplotype mtH3 was 271 
recorded in the UK for the first time, namely in Essex and Norfolk, in the southeast of 272 
England. The mtH3 is most common in the USA and was also previously recorded in Spain 273 
on the Canary Islands and in Serbia (Malumphy et al., 2007; Prijovic et al., 2014). The likely 274 
recent introduction of mtH3 in the UK might be a result of human activities, e.g.  plant import 275 
from Europe or the USA. In Serbia and its neighbouring European countries, six 276 
mitochondrial haplotypes of glasshouse whitefly, including mtH1 and mtH3, have been 277 
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recorded, while nineteen mtCOI haplotypes have been detected in the global population of 278 
this species (Prijovic et al., 2014). Our low level of variation in mtCOI sequences of T. 279 
vaporariorum populations was similar to the results of Kapantaidaki et al. (2015), who found 280 
that most mtCOI sequences collected from the USA and some European countries belonged 281 
to haplotype mtH1 and a single individual to mtH3. A similar level of genetic variation has 282 
been found for this species in Serbia and its neighbouring countries (Prijovic et al., 2014). 283 
The likely explanation for the lack of COI sequence variation in our data is the recent 284 
introduction of this species in the UK, around 160 years ago (Mound and Halsey, 1978). This 285 
means that there was probably not enough time for the evolution of new haplotypes in the 286 
UK, and variation of T. vaporariorum must have arisen through imports. 287 
   The facultative symbiont Arsenophonus sp. has been shown to be a reproductive 288 
manipulator in other insect species (Werren et al., 1986; Balas et al., 1996). T. vaporariorum 289 
populations from the UK harboured just one secondary symbiont. Arsenophonus sp. was 290 
prevalent in 96.6% of female glasshouse whitefly, meaning near-fixation in the UK, but was 291 
absent in males. Symbionts, including Arsenophonus sp., are known to affect reproduction 292 
and are often specifically known as ‘male killers’ (Gherna et al., 1991; Ferree et al., 2008; 293 
Duron et al., 2010). Therefore, Arsenophonus sp. could be killing males in the UK T. 294 
vaporariorum populations, but further investigation is needed to confirm this. It would be 295 
possible to conduct laboratory experiments for T. vaporariorum with females having or not 296 
having the symbionts Arsenophonus sp. and then to observe the sex ratios of their offspring to 297 
confirm the male-killing function of this secondary symbiont. 298 
In general, infection with primary and secondary symbionts reaching fixation, or 299 
nearly fixation, suggests that the symbionts play an important role, a mutualistic relationship, 300 
with their insect host. We are confident about our results regarding the absence of other 301 
secondary symbionts because all DNA samples tested showed the presence of the primary 302 
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symbionts. Also, we used the same methods as described by Kapantaidaki et al. (2015), who 303 
successfully showed presence of other secondary symbionts associated with T. vaporariorum. 304 
Lastly, we also tested the same method on DNA extracted from B. tabaci Middle East-Asia 305 
Minor1 (MEAM1). This showed the same primary, but different secondary symbionts; 306 
namely, Hamiltonella sp. and Rickettsia sp. (Kareem et al, results unpubl.). In addition, our 307 
results are similar to those of another study that showed that males of T. vaporariorum from 308 
Japan did not harbour Arsenophonus sp. despite the fact that females from this population 309 
were all infected (Kapantaidaki et al., 2015). However, populations from Croatia, Bosnia, and 310 
Herzegovina harboured both Arsenophonus sp. and Hamiltonella sp. bacterial symbionts in 311 
both males and females (Skaljac et al., 2010; Skaljac et al., 2013). An even more diverse 312 
community of bacterial symbionts was recorded in T. vaporariorum populations from 313 
Montenegro, where the populations harboured Rickettsia, Hamiltonella, Arsenophonus, 314 
Wolbachia and Cardinium (Prijovic et al., 2014). Lack of diversity of secondary symbionts in 315 
our results might indicate limited introduction of insects and/or introduction from regions 316 
only having Arsenophonus sp. as secondary symbionts.  317 
UK populations of whitefly collected from glasshouses exhibit significant genetic 318 
diversity. The mean value of He in UK T. vaporariorum populations (0.477) was similar to 319 
those in China, Greece, and Finland (0.368, 0.459 and 0.443), respectively. A lower genetic 320 
diversity was indicated in the laboratory colony, which might be explained by selection 321 
and/or a prolonged bottleneck (Hadjistylli et al., 2016). Most of our samples were from 322 
commercial glasshouses, which are often characterized by intense management compared to 323 
field crops (Ovcarenko et al., 2014). Enclosure in glasshouses affects the genetic diversity of 324 
insects by the restriction of gene flow (Hoffmann and Willi, 2008). Crop management 325 
applications and regular population management can cause population bottlenecks, leading to 326 
potentially strong effects of random genetic drift and decreases in heterozygosity, as well as 327 
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increasing population genetic differentiation (Tsagkarakou et al., 1998). Therefore, the 328 
genetic clustering of T. vaporariorum based on microsatellites showed some structure of 329 
populations in the UK in some cases related to geography, but not related to host plant. 330 
Similarly, structural results based on geographical patterns were also indicated in glasshouse 331 
whitefly populations in China, Finland, and Greece (Gao et al., 2014; Ovcarenko et al., 332 
2014). The results of STRUCTURE are supported by significant Fst values indicating genetic 333 
differentiation between populations. In addition, in some cases STRUCTURE showed 334 
different clusters for two years of collections from the same location. This means that some 335 
growers were able to eradicate whitefly from previous seasons, presumably through sanitising 336 
the glasshouse and the plants, and new infestations were brought with new crops. However, 337 
other growers maintained whitefly from one season into another.  338 
           339 
The genetic diversity and structure of invasive species has been studied in various 340 
insect taxa. For example, genetic diversity patterns involving multiple introductions has been 341 
demonstrated in sweet potato whitefly B. tabaci and thrips Frankliniella occidentalis (Delatte 342 
et al., 2006; Cao et al., 2017). Multiple introductions of invasive species are regarded as the 343 
main source of genetic variation (Reem et al., 2013), which is often associated with more 344 
successful invasions for some species (Roman and Darling, 2007; Suarez and Tsutsui, 2008). 345 
The low level of genetic variation of mtCO1 could be a consequence of extensive insect 346 
control measures that include biological control, and use of insecticides to reduce and/or 347 
eradicate T. vaporariorum. However, considerable diversity at the nuclear level, but little or 348 
no diversity at the cytoplasmic level (mtDNA and symbiont) makes it likely that multiple 349 
introductions from the same region occurred. Extensive sampling of populations, particularly 350 
from the west and north of the UK, is needed to confirm the low level of mtDNA, which 351 
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might help extend our understanding of the biology, ecology and spread of this damaging and 352 
invasive insect pest.  353 
5 Conclusion 354 
Populations of T. vaporariorum in the UK exhibit genetic differentiation, demonstrating the 355 
possibility that multiple introductions of T. vaporariorum into the UK have occurred. The 356 
results showed some structure of populations, with clustering by geographical location and 357 
not by crops. All T. vaporariorum individuals in the north and midlands of the UK belong to 358 
mtH1while mtH3 has been recorded in the UK for the first time in the south east of England, 359 
indicating that there have been at least two introductions. Tests revealed the presence of 360 
Portiera sp., an obligate endosymbiont, in both sexes, whereas the facultative symbiont 361 
Arsenophonus sp. was detected in females only. The glasshouse agroecosystem and repeated 362 
imports from a limited region may have contributed to variation at nuclear, but not at 363 
cytoplasmic level. This has likely contributed to population genetic structure through 364 
restricting gene flow between locations.  365 
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Table 1. Collection sites, population codes, dates of collection, host plants, and genetic diversity indices for the glasshouse whitefly T. 573 
vaporariorum populations from the UK examined in this study. The following genetic diversity indices are indicated: average number of alleles 574 
per locus (Na), effective number of alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), allelic richness (Ar), and estimator 575 
of fixation index (F). 576 
Locality  Code  Year Host Plant family Latitude Longitude Na Ne Ho He  Ar F 
Billingham East /Teesside BE14 2014 Tomato Solanaceae 54.604285 -1.257358 2.444 1.934 0.539 0.476 2.44 -0.106 
Dundee DU1_14 2014 Eupatorium Asteraceae 56.456253 -3.025183 3.556 2.438 0.506 0.558 3.56 0.120 
Dundee DU15 2015 Eupatorium Asteraceae 56.456253 -3.025183 2.667 2.197 0.594 0.495 2.67 -0.176 
East Riding of Yorkshire ERYS15 2015 Cucumber Cucurbitaceae 53.741930 -0.731197 2.444 1.972 0.678 0.455 2.44 -0.469 
East Riding of Yorkshire ERYS14 2014 Cucumber Cucurbitaceae 53.750523 -0.732015 3.222 1.945 0.517 0.444 3.22 -0.138 
East York EYO14 2014 Cucumber Cucurbitaceae 53.771412 -0.748213 3.111 2.243 0.583 0.507 3.11 -0.125 
Essex ES15 2015 Tomato Solanaceae 51.933305 1.022727 2.667 2.063 0.672 0.487 2.67 -0.360 
Essex ES14 2014 Tomato Solanaceae 51.933305 1.022727 3.444 2.312 0.456 0.537 3.44 0.176 
Herefordshire HE2_14 2014 Cape gooseberry Solanaceae 52.162737 -2.996278 3.111 2.197 0.650 0.482 3.11 -0.325 
Herefordshire HE3_14 2014 Basil Lamiaceae 52.162737 -2.996278 3.000 1.969 0.478 0.417 3.00 -0.120 
Herefordshire HE4_14 2014 Chili peppers Solanaceae 52.162737 -2.996278 3.000 1.982 0.556 0.430 3.00 -0.270 
Herefordshire HE15 2015 Squash Cucurbitaceae 52.162737 -2.996278 2.222 1.951 0.589 0.443 2.22 -0.306 
Isle of Wight IW14 2014 Unknown - 50.657994 -1.227233 3.333 2.362 0.544 0.464 3.33 -0.147 
Kent County KE15 2015 Tomato Solanaceae 51.283319 1.295062 2.667 1.930 0.539 0.438 2.67 -0.205 
Lab colony LC15 2015 Eggplant Solanaceae 54.980320 -1.615713 2.000 1.718 0.450 0.366 1.78 -0.204 
Norfolk NO15 2015 Tomato Solanaceae 52.560526 0.442994 2.667 2.130 0.678 0.496 2.67 -0.343 
Norfolk NO3_14 2014 Tomato Solanaceae 52.560526 0.442994 3.444 2.458 0.672 0.541 3.44 -0.219 
Orkney Or14 2014 Pelargonium Geraniaceae 59.052969 -3.293660 3.222 2.564 0.683 0.576 3.22 -0.162 
Orkney Or15 2015 Pelargonium Geraniaceae 59.052969 -3.293660 2.889 2.037 0.533 0.476 2.89 -0.096 
West Sussex WS15 2015 Tomato Solanaceae 50.832853 -0.027808 2.333 1.967 0.600 0.459 2.33 -0.285 
Mean       2.872 2.118 0.575 0.477 2.86 -0.188 
 577 
  578 
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Table 2. Pairwise estimates of genetic distance (Fst) values between 20 T. vaporariorum populations over the nine microsatellite loci. Significant 579 
values (p<0.05) are in bold.    580 
 581 
 582 
 583 
 584 
 585 
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Table 3. Number of male and female individuals of T. vaporariorum infected by each of the seven endosymbiotic bacteria tested using specific 
and general primers for whitefly symbiotic bacteria. 
Locality 
 
Codes N* 
♀+♂ 
Portiera 
♀+ ♂ 
Wolbachia 
♀+ ♂ 
Hamiltonella 
♀     +    ♂ 
Arsenophonus    
♀    +  ♂ 
Rickettsia 
♀   +   ♂ 
Cardinium 
♀    + ♂ 
Fritschea 
♀+ ♂ 
Herefordshire HE2_14 20 10 9 -  - - 9 - - - -  - - 
Herefordshire HE3_14 20 10 10 -  - - 10 - - - -  - - 
Herefordshire HE4_14 20 10 10 -  - - 10 - - - -  - - 
Herefordshire HE15 20 10 10 -  - - 10 - - - -  - - 
Orkney Or14 20 10 10 -  - - 10 - - - -  - - 
Orkney Or15 20 10 10 -  - - 10 - - - -  - - 
Dundee DU1 20 10 10 -  - - 10 - - - -  - - 
Dundee DU15 20 10 10 -  - - 10 - - - -  - - 
East York’s EYO14 20 10 9 -  - - 9 - - - -  - - 
East Riding of Yorkshire ERYS15 20 10 9 -  - - 9 - - - -  - - 
East Riding of Yorkshire ERYS14 20 10 10 -  - - 10 - - - -  - - 
Essex ES15 20 10 9 -  - - 9 - - - -  - - 
Essex ES14 20 10 10 -  - - 10 - - - -  - - 
West Sussex WS15 20 10 9 -  - - 9 - - - -  - - 
Norfolk NO15 20 10 10 -  - - 10 - - - -  - - 
Norfolk NO3_14 20 10 9 -  - - 9 - - - -  - - 
Isle of Wight IW14 20 10 10 -  - - 10 - - - -  - - 
Billingham East /Teesside BE14 20 10 10 -  - - 10 - - - -  - - 
Kent County KE15 20 10 9 -  - - 10 - - - -  - - 
Lab Colony LC15 20 10 9 -  - - 9 - - - -  - - 
* N, Number of male and female individuals. 
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Figure 1. Genetic structure of 400 T. vaporariorum individuals (20 populations) based on nine microsatellite markers using the program STRUCTURE at K=2, 6 and 10. Each vertical bar 
represents the assignment of an individual. Colours indicate cluster assignment. Codes indicate location, year and host plant collections (See table 1).
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Figure 2. Geographical distribution of collection locations and the genetic structure of the T. vaporariorum revealed by STRUCTURE analysis with K: 6 (A) and K: 10 (B). Pie charts represent 6 
the proportion of Q values of each population (figure 1) and the codes of populations are listed in Table 1. 7 
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